Homologous recombination (HR) and nonhomologous end joining (NHEJ) are two distinct DNA double-stranded break (DSB) repair pathways. Here, we report that DNA-dependent protein kinase (DNA-PK), the core component of NHEJ, partnering with DNA-damage checkpoint kinases ataxia telangiectasia mutated (ATM) and ATM-and Rad3-related (ATR), regulates HR repair of DSBs. The regulation was accomplished through modulation of the p53 and replication protein A (RPA) interaction. We show that upon DNA damage, p53 and RPA were freed from a p53-RPA complex by simultaneous phosphorylations of RPA at the N-terminus of RPA32 subunit by DNA-PK and of p53 at Ser37 and Ser46 in a Chk1/Chk2-independent manner by ATR and ATM, respectively. Neither the phosphorylation of RPA nor of p53 alone could dissociate p53 and RPA. Furthermore, disruption of the release significantly compromised HR repair of DSBs. Our results reveal a mechanism for the crosstalk between HR repair and NHEJ through the co-regulation of p53-RPA interaction by DNA-PK, ATM and ATR.
INTRODUCTION DNA damage is a major cause of genome instability and, thus, the development of human cancer. In cells, DNA damage is removed by DNA repair pathways in coordination with DNA damage checkpoints. The latter halts cell cycle progression to allow time for DNA repair before cell cycling can resume. [1] [2] [3] [4] [5] [6] DNA doublestranded breaks (DSBs) are the most lethal form of DNA damage and mainly are repaired by homologous recombination (HR) and nonhomologous end joining (NHEJ) pathways in mammalian cells. NHEJ repairs the DSBs induced by genotoxic agents such as ionizing radiation. By contrast, HR repairs DSBs induced by genotoxins such as camptothecin (CPT). CPT is a topoisomerase I inhibitor that arrests the topoisomerase I-nicked DNA intermediate complex and leads to replication fork collapse at the nicked site to form DSBs. 7, 8 Although crosstalk may occur between HR and NHEJ, 9 ,10 the molecular mechanism remains unknown.
DNA-dependent protein kinase (DNA-PK) has a key role in NHEJ by recognizing DSBs, initiating NHEJ repair and assembling the repair machinery. DNA-PK is a 615 kDa heterotrimeric complex consisting of the catalytic subunit of DNA protein kinase, plus Ku70 and Ku80. As a member of the phosphatidylinositol 3-kinaserelated kinase (PIKK) family, DNA-PK also phosphorylates proteins, such as H2AX, replication protein A (RPA), p53, XRCC4, Ku70 (XRCC6) and Ku80 (XRCC5) involved in DNA damage responses (DDRs). 11, 12 Of those proteins, RPA is the major eukaryotic singlestranded DNA (ssDNA) binding protein and is a heterotrimer containing RPA70, RPA32 and RPA14 subunits. In addition to binding ssDNA, RPA also interacts with other proteins during DDRs 5, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] and is involved in almost all DNA metabolic pathways including the HR repair pathway. A mutation in RPA also is implicated in cancer. 26, 27 A remarkable fact about RPA is that upon DNA damage, the N-terminus of RPA32 is hyperphosphorylated by PIKK kinases. 28 We and others have presented evidence supporting a role of RPA in coordinating DDR pathways via the RPA32 hyperphosphorylation. 13, 14, [29] [30] [31] [32] [33] [34] [35] We have shown that upon hyperphosphorylation RPA undergoes a structural reorganization. 32 Among RPA-protein interactions, the p53-RPA interaction 24, [36] [37] [38] [39] [40] [41] is of particular interest as p53 is a tumor suppressor whose inactivation is a key step of carcinogenesis for over half of human cancers. 42, 43 As 'the guardian of the genome' p53 is a key regulator of genome stabilization through its roles in cell cycle checkpoints, apoptosis and facilitating DNA repair. 44 It is well known that phosphorylation of p53 has a critical role in regulating p53 activities in various DDR pathways. Almost all the posttranslational modifications on p53 occur in the unstructured region of the protein formed by the transactivation domain, the linker between the DNA-binding and TET domains, and the C-terminal 30 residues. 45 These same regions are involved in the p53 interaction with RPA. 24, 37, 45 However, how the p53-RPA interaction is modulated and affects DDR reactions is poorly understood.
In the present study, we determined the mechanism by which the p53-RPA interaction is modulated as well as the impacts of the regulation on HR repair. We found that the p53-RPA complex was disassembled upon the phosphorylations of RPA and p53 by DNA-PK and ataxia telangiectasia mutated (ATM)/ATM-and Rad3-related (ATR), respectively, in a synergistic manner. Although phosphorylation of RPA or p53 alone showed no effect, phosphorylation deficiency of either p53 or RPA inhibited the dissociation of p53 and RPA. Also, the inhibition of phosphorylation significantly reduced the efficiency of HR repair. Our results unveil the mechanistic details of a crosstalk between HR and NHEJ repair machineries, which involves highly coordinated interactions between p53, RPA, DNA-PK, ATM and ATR in DDRs.
RESULTS

Interaction of RPA with p53 in cells
In order to address the functional implications of the p53-RPA interaction, we examined the ability of p53 to bind to the hyperphosphorylated form of RPA32 in cells by co-immunoprecipitation (co-IP). Cells expressing phosphorylation-deficient RPA32 (PD-RPA) and wild-type RPA32, 34 respectively, were treated with CPT for 3 h. CPT is a DNA DSB inducer and was able to induce RPA hyperphosphorylation in cells as indicated by the bands of hyperphosphorylated RPA32 (hyp-RPA32), which migrate slower than the non-phosphorylated RPA32 band on SDS-PAGE ( Figure 1a ). In contrast, as expected, CPT treatment resulted in no hyperphosphorylation of RPA32 in the PD-RPA cells. As shown in Figure 1a , the association of p53 with RPA predominately occurred between p53 and the unphosphorylated RPA with little or no hyp-RPA32 associating with p53. This suggests that RPA hyperphosphorylation may have disrupted the p53-RPA association. Note that a DNase I pretreatment of the cell lysate precludes a DNA linkage between RPA and p53 as an explanation for these immunoprecipitation (IP) results. To confirm that the preferential binding of p53 to unphosphorylated RPA was due to direct protein-protein interaction, we used purified recombinant RPA, 17 which had been hyperphosphorylated. 30 After p53 IP from cell lysates with anti-p53 antibody, the immunoprecipitates were washed with buffer containing concentrations of NaCl up to 1 M to remove possible p53-associated proteins (Figure 1b) . The wash was efficient as indicated by the removal of bound endogenous RPA and Mdm2. Then, an equimolar mixture of purified RPA and hyp-RPA was supplied to allow for interaction with the immunoprecipitated endogenous p53. Subsequent blotting analysis of the co-immunoprecipitates confirmed that p53 directly interacted with the non-phosphorylated RPA while having little or no affinity to the hyp-RPA (Figure 1c ).
In vitro interaction of p53 with native and hyperphosphorylated RPA in the presence or absence of ssDNA To further describe the p53-RPA interaction, co-IP assays with purified RPA/hyp-RPA and p53 proteins were performed. Surprisingly, the binding of recombinant p53 to the hyp-RPA is greater than that to native RPA (Figure 2a ), contradicting the cellular results shown in Figure 1 . The same experiment also was performed with RPA hyperphosphorylated by purified DNA-PK (Promega Corp., Madison, WI, USA) 32 and a similar preference for hyp-RPA was obtained (Figure 2b ). To investigate this discrepancy, similar in vitro IP was conducted in the presence of ssDNA as the binding to ssDNA is a major function of RPA in cells. After RPA pre-incubation with 5 0 -biotinylated dT30mer or dT90mer ssDNA, the ssDNA-bound RPA was pulled down with streptavidin-agarose beads, and then the RPA-ssDNA complex was incubated with purified recombinant p53. Recombinant p53 still bound more efficiently to hyp-RPA than native RPA in the presence of dT30mer or dT90mer (Figures 2a-c) . Furthermore, the immunoprecipitated p53-RPA complex of purified proteins was titrated with increasing concentrations of dT30mer ssDNA (Figure 2d ). The ssDNA had little or no effect on the p53-RPA binding when the ssDNA had a 1:1 molar ratio to the proteins, but did competed with p53 for hyp-RPA at significantly higher ssDNA-to-protein ratios. Alternatively, RPA also was pre-incubated with various concentrations of ssDNA and then p53 was supplied. Similar results were obtained although native RPA binding to p53 also was affected at high ssDNA-to-protein ratios (Figure 2e ). These data indicate that (1) hyperphosphorylation of RPA does not disrupt the RPA interaction with recombinant p53 in vitro; and (2) ssDNA does not have a significant role in mediating the phosphorylationinduced disruption of cellular p53-RPA interaction observed in Figure 1 . Thus, the hyperphosphorylation of RPA alone may not be sufficient to substantially impact the p53-RPA interaction; the post-translational modifications on p53 also may be important.
Effect of p53 phosphorylation on p53-RPA interaction To determine whether post-translational modifications of p53 are involved in the modulation of p53-RPA interactions, cells were treated with CPT followed by IP of p53 from the nuclear lysates. The p53 immunoprecipitates were washed with the 1 M NaCl buffer to remove p53-associated proteins (Figure 1b) . A portion of the endogenous p53 was treated with CIAP (calf intestinal alkaline Figure 1 . Hyperphosphorylated RPA is unable to interact with endogenous p53. (a) Stable U2-OS cells expressing WT-or PD-RPA32 were treated with 10 mM CPT for 3 h to induce RPA hyperphosphorylation. Cells were harvested and chromatin-bound proteins were isolated. Chromatin was subjected to DNase I digestion and 10% of the sample was loaded onto the gel (INPUT). The remaining lysate was immunoprecipitated using anti-p53 antibody. Samples were analyzed by western blotting. (b) IP was performed with A549 cell lysate using anti-p53 antibody. Immunoprecipitates were washed with buffer of increasing salt concentrations (0-1.0 M) to remove proteins bound to p53, including RPA and Mdm2. Samples were then analyzed by western blotting. (c) p53 from A549 cell lysates treated with 10 mM CPT for 2 h or 2 mM HU for 24 h was isolated by IP with anti-p53 antibody, followed by a 1-M salt buffer wash. Equimolar amounts of purified RPA and hyp-RPA were added and the proteins were allowed to interact for 6 h. Then, the p53 complexes were pulled down, washed and analyzed by western blotting. phosphatase) to remove the endogenous phosphorylations. Then, recombinant RPA and hyp-RPA were supplied as an equimolar mix to allow for the interaction with p53. Western blot analysis of the samples is shown in Figure 3 where the endogenous p53 predominately bound to the unphosphorylated form of RPA (lane 5). However, the binding preference was reversed after the same endogenous p53 was de-phosphorylated with CIAP, then the p53-hypRPA interaction is favored (lane 4). The results indicated that phosphorylation of p53 also is involved in the modulation of the p53-RPA interaction.
Modulation of p53-RPA binding upon CPT treatment is DNA-PK, ATR and ATM dependent Hyperphosphorylation of RPA in response to DNA damage is carried out by members of the PIKK family, which includes ATM, ATR and DNA-PK. 5, 39, 46 To identify the protein kinases involved in the phosphorylation-mediated regulation of the cellular p53-RPA interaction in response to CPT treatment, RPA hyperphosphorylation was evaluated in the cells treated with protein kinase inhibitors (Figures 4a and b) , or depleted of ATR, ATM or DNA-PK by small interfering RNAs (siRNAs) (Figure 4c ). The kinase activities of ATR and ATM were efficiently inhibited by caffeine, an inhibitor of ATR and ATM, as demonstrated by the inhibition of p53 phosphorylation at Ser15, a downstream DNA damage signaling event in the ATR and ATM checkpoint pathways (Figure 4a , left). The caffeine treatment inhibited the release of hyp-RPA from p53 as the hyp-RPA remained bound efficiently to p53 as compared with native RPA following DNA damage (Figure 4a , right). The results were further confirmed by the more specific ATM and ATR inhibitors Ku55933 and Nu6027, respectively ( Figure 4b ). Consistent results were also obtained with ATR-deficient cells (Supplementary Figure S1 ). To further assess the effect of individual PIKK proteins on modulation of p53-RPA interaction, siRNAs were used to knockdown ATR, ATM or DNA-PK (Figure 4c ). Subsequent co-IP assays of cell lysates indicated that in agreement with the results of inhibitor treatments, depletion of ATR or ATM significantly increased the level of hyp-RPA binding to p53 versus control siRNA ( Figure 4c ). In addition, we found that DNA-PK was required for the CPT-induced RPA hyperphosphorylation while ATM and ATR are not, which is consistent with the previous reports. Figure 2 . In vitro p53-RPA interaction with and without ssDNA. (a) Recombinant GST-tagged p53 protein was incubated with either recombinant RPA or hyp-RPA. Except for the 10% of sample volume loaded for input, samples were incubated with GST-agarose beads, collected by centrifugation, washed and analyzed by western blotting. (b) Recombinant RPA protein was phosphorylated in vitro using DNA-PK kinase, and then incubated with GST-p53, followed by IP as in (a). (c) Recombinant RPA or hyp-RPA was incubated with either dT90 or dT30 ssDNA. Recombinant p53 was supplied in excess to the RPA-ssDNA complex and incubated overnight. Biotinylated DNA complexes were collected by centrifugation, washed and analyzed by western blotting. (d) Recombinant RPA and hyp-RPA were mixed followed by incubation with p53 for 6 h. The ssDNA (dT30) was added in increasing molar ratios of DNA-to-RPA. The samples were subjected to IP with GST beads and analyzed by western blotting. (e) Recombinant RPA and hyp-RPA were mixed and incubated with increasing molar ratios of ssDNA (dT30). Purified p53 protein then was supplied at an equimolar RPA amount for binding for 6 h. The samples were subjected to p53 IP with GST beads and analyzed by western blotting. As expected, knockdown of DNA-PK kept RPA bound to p53 (Figure 4c ).
39,46-48
Phosphorylation of p53 at Ser37 and Ser46 is important for regulation of p53-RPA binding As phosphorylation of p53 at serine 15 is involved in DNA damage checkpoint signaling, it is of interest to determine if phosphorylation of this site is involved in modulating the p53-RPA interaction. We therefore transfected constructs for expressing wild-type and mutant p53 in which the serine was replaced with an alanine (S15A), respectively, into H1299 cells (p53 À / À ). After transfection cells were treated with CPT, nuclear lysates were prepared, and co-IP performed using anti-p53 antibody. In agreement with our in vivo data described above, we found that only non-phosphorylated RPA32 was able to be co-immunoprecipitated with p53 and that the S15A mutation did not affect the p53 binding to RPA (Figure 5a ). To confirm the results, the same immunoprecipitates were washed with 1 M NaCl buffer to remove p53-associated proteins. Then, an equimolar amount of recombinant RPA and hyp-RPA proteins were added. As shown in Figure 5b , the mutation at Ser15 in p53 did not affect p53-RPA binding.
To identify the phosphorylation site(s) of p53 important for regulation of the p53-RPA interaction, we transfected H1299 cells with a series of p53 mutant expression constructs in which one single serine had been mutated to alanine. The mutations were all localized in the N-terminus of p53 (S15A, S20A, S37A, S46A). The transfected H1299 cells were treated with CPT to induce phosphorylation of p53 (Figure 5c ). Anti-p53 antibody then was used to pull-down the p53. After washing with 1 M salt buffer, the immunoprecipitates were mixed with equimolar amounts of recombinant RPA and hyp-RPA to test their interactions with the p53 proteins. The S37A and S46A mutations prevented p53 dissociation from hyp-RPA relative to WT p53, indicating that phosphorylations at Ser37 and Ser46 of p53 are required for release of RPA upon phosphorylation of RPA32 (Figure 5d ). These observations suggest that these two particular serines are involved in regulating p53-RPA complex formation and stability in the CPT-induced DDR. Furthermore, individual knockdown of ATR and ATM identified the checkpoint kinases responsible for Figure 4 . Modulation of p53-RPA binding is dependent on DNA-PK as well as ATM and ATR. (a) A549 cells were treated with caffeine to inhibit ATM and ATR activities before the CPT treatment. Whole-cell lysates were loaded in a 10% SDS-PAGE (left). Nuclear lysates then were isolated and subjected to DNase I digestion and 10% of sample was loaded as input. IP was subsequently performed using anti-p53 antibody and coimmunoprecipitated proteins were analyzed by western blotting with the indicated antibodies. (b) A549 cells were synchronized in S-phase and treated with 10 mM ATM and/or ATR inhibitors (Ku55933 and Nu6027) for 1 h before CPT treatment (10 mM for 2.5 h.) Whole-cell lysates were subjected to DNase I digestion and 5% of the sample was loaded as input. IP was subsequently performed using anti-p53 antibody and the co-immunoprecipitated proteins were analyzed by western blotting with the indicated antibodies. (c) A549 cells were transfected with ATM siRNA, ATR siRNA, DNA-PK siRNA or their combinations. Cells were treated with CPT. Whole-cell lysates were collected and analyzed by western blotting with indicated antibodies. Nuclear lysates then were isolated and subjected to DNase I digestion. Complexes with p53 were isolated by IP using anti-p53 antibody and the co-immunoprecipitated proteins were analyzed by western blotting. specific serine phosphorylation: the CPT-induced phosphorylation of p53 at Ser37 is primarily dependent on ATR while the phosphorylation at Ser46 depends on ATM.
Loss of hyperphosphorylation of RPA compromises DSB repair DNA damage-induced hyperphosphorylation of RPA stimulates RPA localization to DSB repair and checkpoint complexes, 13, 14 thus likely enhancing DSB repair. Also, the interaction of p53 with RPA mediates suppression of HR. 24 Therefore, it is of interest to determine if phosphorylation-mediated regulation of the p53-RPA interaction has a role in modulating DSB repair. Neutral comet assays were performed to assess the HR repair of CPT-induced DSBs in cells expressing PD-RPA versus cells expressing WT-RPA32. As shown in Figures 6a and b , repair of CPT-induced DSBs was significantly compromised in cells with PD-RPA in comparison with cells with WT-RPA. Consistently, in parallel experiments unphosphorylated RPA was efficiently co-immunoprecipitated with p53 in the cells expressing PD-RPA, while most hyp-RPA in the cells expressing wt-RPA was incapable of co-IP with p53 ( Figure 6c , compare hyp-RPA to RPA ratios in lanes 6-8 with lanes 14-16, respectively). These data suggest that RPA was unphosphorylated and, thus, sequestered in a p53-RPA complex in PD-RPA cells, inhibiting HR repair of CPT-induced DSBs. By contrast, RPA was extensively hyperphosphorylated and mostly free of binding to p53 in WT-RPA cells, making them available for HR repair.
We reasoned that RPA released from p53 sequestration by RPA32 phosphorylation would remain in the supernatant after IP pull-down of p53 and show association with DSB repair proteins. To test this, lysates from CPT-treated A549 cells were subjected to À / À ) were transfected with p53 wild-type (WT) and p53 S15A constructs for 72 h. The cells were synchronized with aphidicolin (APH) before treatment with 10 mM CPT for 2 h. Nuclear fractions were isolated, treated with DNase I, followed by IP with anti-p53 antibody. The coimmunoprecipitated proteins were analyzed by western blotting using indicated antibodies. (b) The immunoprecipitates generated as in (a) were washed with 1 M salt buffer to remove co-immunoprecipitated proteins. Then equimolar quantities of RPA and hyp-RPA were supplied to allow interaction with the immunoprecipitated p53. The p53-RPA interaction was analyzed by collecting the p53 immunoprecipitates for analysis by western blotting. (c) H1299 cells were transfected with four different p53 constructs in which one single serine was mutated to alanine on the N-terminus of p53 (WT, S15A, S20A, S37A, S46A). Transfections were done for 72 h, followed by treatment with CPT to induce p53 phosphorylation. (d) Whole-cell lysates were prepared and subjected to IP with anti-p53 antibody. The immunoprecipitates were washed with 1 M salt buffer, and then supplied with equimolar mixture of purified RPA and hyp-RPA. The p53-RPA complex formation was analyzed by western blotting. (e) Cells were transfected with ATM siRNA, ATR siRNA or a combination of both, followed by CPT treatment. Prepared wholecell lysates with or without lambda phosphatase treatment were analyzed by western blotting. Figure 6 . Phosphorylation-mediated regulation of p53-RPA binding is required for DSB repair. (a) Stable U2OS cells expressing WT-or PD-RPA32 were treated with CPT in a dose-dependent manner for 2 h. Comet assay under neutral conditions was performed to assess the efficiency of DSB repair. (b) Tail moment was measured using the Comet Assay IV software (Perceptive). At least 50 cells were assessed per treatment (*represents a P-value o0.001). (c) co-IP assay was performed simultaneously using duplicate cell cultures. Nuclear lysates were isolated and anti-p53 antibody was used for IP; samples were then analyzed by western blotting using the indicated antibodies. (d) A549 cells were treated with CPT or mock treated, followed by nuclear fractionation and incubation with DNase I. Soluble fractions were incubated with anti-p53 antibodies for co-IP (lanes 3-4) . The supernatant after p53 IP then was immunoprecipitated again using Rad51 antibodies (lanes 7-8).
(e) Cells expressing WT-or PD-RPA32 were treated with CPT and subjected to immunofluorescence microscopic determination of nuclear focus formation of Rad52. (f) Quantitative analysis of the data from (e). 100 cells were randomly selected in three separate experiments. Cells with at least one focus were counted (* represents a P-value o0.001).
two consecutive IP steps in which p53 was immunoprecipitated first and then Rad51 was immunoprecipitated from the remaining supernatant. Although native RPA was efficiently sequestered by p53, little hyp-RPA was bound to the p53 in CPT-treated or -untreated cells (Figure 6d, lanes 3 and 4) . Subsequently, antiRad51 antibody co-immunoprecipitated Rad51 and hyp-RPA from the remaining supernatant (lane 7) while little non-phosphorylated RPA was co-immunoprecipitated with Rad51. Similar results were obtained with U2-OS cells expressing PD-RPA32 as compared with WT-RPA (Supplementary Figure S2) . Furthermore, CPT-induced nuclear focus formation of Rad52 was significantly reduced in cells expressing PD-RPA32 than those expressing wildtype RPA32 (Figures 6e and f) . Rad51 interaction with ssDNAbound RPA has an important role in promoting Rad51 presynaptic filament assembling at DSBs. [49] [50] [51] Thus, a significant amount of cellular RPA is sequestered in a p53-RPA complex under normal conditions and upon DNA damage, phosphorylation releases RPA or prevents hyp-RPA from binding to p53, promoting DSB repair.
Phosphorylation of Ser37 and Ser46 of p53 are important for HR repair To further confirm the above results, constructs for expression of p53 with S37A or S46A mutation were generated. Then, we performed the pDR-GFP-based HR assays 52, 53 
ATM and ATM inhibition impairs HR repair
The same pDR-GFP-based HR assays also were performed with cells treated with ATM and ATR inhibitors KU55933 and NU6027, respectively. Figures 7c and d show that the inhibition of ATR kinase significantly reduced HR efficiency in cells treated with CPT. Furthermore, in the cells treated with the ATM inhibitor, the HR activity was also reduced, though not to a statistically significant level (P ¼ 0.08), as compared with the mock-treated cells. Consistently, when both inhibitors were used, the HR rate was significantly reduced in the inhibitor-treated versus mocktreated cells. Together, these results support a role of ATM and ATR kinases in regulation of HR, at least partially through their regulation of the p53-RPA interaction.
DISCUSSION
Cellular DDRs are a complex defense system against genome instability and involves multiple biochemical pathways. In particular, HR and NHEJ repair pathways and ATM and ATR checkpoints have pivotal roles in cellular response to DSB damage. This study addresses important questions concerning how these pathways are regulated and coordinated with one another, important information for our understanding of the mechanisms of DDRs. We provide evidence that DNA-PK, the hallmark protein of NHEJ, together with ATR and ATM has a regulatory role in the repair of CPT-induced DSBs, and this regulation is mediated by synergistic phosphorylations of both p53 and RPA. This finding reveals a novel crosstalk mechanism between HR and NHEJ pathways and coordination between ATM/ATR/p53 checkpoints and DNA-PK.
The complex mechanism unveiled in this study is centered on the regulation of p53-RPA interaction via site-specific posttranslational modifications of p53 and RPA. Remarkably, the regulation requires participation of all three major PIKK family members involved in DDRs, DNA-PK, ATM and ATR. Upon DNA damage, each kinase phosphorylates specific sites of p53 or RPA to make a synergistic contribution to inducing p53-RPA dissociation (Figure 7e) . Specifically, DNA-PK hyperphosphorylates RPA at multiple sites in the N-terminal domain of RPA32, while ATR and ATM phosphorylate p53 at Ser37 and Ser46, respectively ( Figure 5) . Surprisingly, phosphorylation of p53 at Ser15, well known for its role in ATR/ATM-dependent checkpoint activation and DDRs, [54] [55] [56] [57] is not required ( Figure 5 ). In addition, phosphorylation of p53 at Ser20 by Chk2 58 does not participate either ( Figure 5 ) consistent with the lack of effect of Chk2 or Chk1 on p53-RPA interaction (Supplementary Figure S3) . These data suggest that p53 phosphorylations involved in modulating p53-RPA interactions are carried out directly by ATR and ATM in a Chk1/Chk2-independent manner. Although excess ssDNA interfered with RPA-p53 complex formation, 38 we found that equimolar ssDNA did not substantially inhibit the p53-RPA interaction (Figures 2c and d) .
The impact of p53-RPA association/dissociation on their cellular functions could occur at multiple levels. Normally, RPA expression is constant at a relatively abundant level during cell cycle transit. 59 The p53 protein interacts with RPA via p53's N-terminal domain which contains the transactivation and transrepression functions of p53 protein. 60 It is known that a basal level of p53 is required for antioxidant activities in normal cell growth. 61 The p53-RPA complex formation may serve to mask p53 domain and prevent the above-basal levels of free p53 from interrupting normal cellular functions, complementing the MDM2 function of sequestering and p53 while expression of RPA remains unaffected. 62 Disruption of the p53-RPA complex may be necessary to free RPA for functioning in DDRs as RPA has indispensable roles in DNA damage checkpoint and repair pathways. Indeed, our results indicate that a deficiency in RPA phosphorylation and release from the p53-RPA complex significantly reduces repair efficiency of DSBs induced by CPT (Figures 6 and 7) . The released hyp-RPA binds much more efficiently to Rad51 than does native RPA (Figure 6d) . 13 These observations suggest that the phosphorylations of RPA and p53 not only free RPA during DDR, but also allows RPA to more efficiently recruit Rad51 to the DSB sites during an early step of HR, thus promoting the repair process. 13, 33 In addition, the phosphorylations may serve to prevent RPA sequestration by increasing amounts of p53. Furthermore, although p53 is highly expressed in cells following DNA damage, it is also possible that released phosphorylated p53 could enhance the DNA damage checkpoints and transcriptional activation of genes involved in DDRs. In this, RPA might be a regulatory element ensuring that p53 would be available only after DNA damage.
The multiple diverse functions for both RPA and p53 imply that the DNA-PK/ATM/ATR modulation of the p53-RPA interaction may have multiple, varied impacts on the DDRs beyond HR repair. Activation of tumor suppressor protein p53 orchestrates multiple cellular responses involved in cell cycle control and apoptosis. 42, 43 Also, RPA is involved in almost every, if not all, DDR pathways, from damage signaling, checkpoint activation through DNA repair. 5 Also, hyp-RPA is more efficient in recruiting the checkpoint complex Rad9/Rad1/Hus1, 14 preventing its association with replication centers, 29 facilitating mitotic exit in response to mitotic DNA damage, 63 and regulating mismatch repair. 31 These potential hyp-RPA activities form a complex and interacting DDR network dependent on the stability of the p53-RPA interaction regulated by the PIKK members.
Given that p53 interacts with RPA via its N-terminal domain 60 and that the phosphorylation at S37 and S46 in the N-terminus of p53 by ATR/ATM disrupts p53-RPA interactions ( Figure 5 ), these phosphorylations may interfere with RPA binding to the N-terminus of p53. This disruption of the p53-RPA complex requires the concomitant hyperphosphorylation of RPA32. As reported previously, hyperphosphorylation alters RPA conformation. 32 Thus, this may structurally change the p53-binding domain/motif of RPA although this change alone may not be sufficient to disrupt the formation of the p53-RPA complex. On the other hand, the phosphorylation at S37 and S46 in the N-terminal domain of p53 changes both the chemistry and structure of the domain. It is likely that combination of these changes with those in RPA due to hyperphosphorylation prevents RPA from binding to p53. However, revealing the details of the phosphorylation-induced structural changes is beyond the scope of the current study but deserves further investigation.
Taken together, we propose that under unstressed conditions, relatively low level of 'free' p53 is sequestered by the abundant RPA in cells. The sequestration not only prevents relatively high levels of p53 from interfering with normal cellular functions and cell cycle progression, but also may help to maintain a basal level of p53 for upregulation of a few genes for activities against DNA damage induced by endogenous reactive oxygen species in cells under normal growth conditions. Upon severe DNA damage, however, phosphorylation of p53 and RPA by ATM/ATR and DNA-PK, respectively, prevents RPA sequestration by the damageinduced high level accumulation of p53, freeing phosphorylated forms of both p53 and RPA for DDR functions.
MATERIALS AND METHODS
Cells, cell culture, proteins and antibodies A549 cells were maintained at 37 1C under a humidified atmosphere of 5% CO 2 in Dulbecco's modified Eagle medium (Invitrogen/Life Technologies, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (Hyclone Laboratories, Logan, UT, USA), 1% penicillin/streptomycin. U2OS cells expressing RPA32 wild-type (WT-RPA) or a hyperphosphorylationdeficient mutant (PD-RPA) (kindly provided by Dr Xiaohua Wu; Scripps Research Institute, La Jolla, CA, USA) were maintained in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum and antibiotics as described above. These U2OS cells were grown in hygromycin (200 mg/ml) and puromycin (1 mg/ml) to maintain plasmid expression. These are stable cell lines in which the endogenous RPA32 was stably knocked down while recombinant WT-RPA or PD-RPA were stably produced. 34 The HCT-116 ATR À / À cells, also known as ATR flox/ À cells (kindly provided by Dr Stephen Elledge, Harvard University), were grown as described above using McCoy's 5A medium (ATCC, Manassas, VA, USA).
Recombinant human RPA was expressed and purified as described. 17 Hyp-RPA was purified using previous procedures. 30 In addition, hyperphosphorylation of RPA by purified DNA-PK (Promega) was carried out as described Liu et al. 32 Antibodies used in this study include anti-RPA32 (R3280, Sigma-Aldrich, St Louis, MO, USA), anti-p53 (Invitrogen AHO0142 or sc-6243, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), anti-phospho-p53(pSer15) (AF1043, R&D, Minneapolis, MN, USA and 9286, Cell Signaling Technology, Inc., Danvers, MA, USA), anti-phospho-p53(pSer20) (Q11 54428, AnaSpec, Fremont, CA, USA), anti-phospho-p53(pSer37) (Santa Cruz sc-135633), anti-phospho-p53(Ser46) (Cell Signaling 2521), anti-DNA-PK (Santa Cruz sc-9051), anti-ATM (A300-299A, Bethyl Laboratories, Montgomery, TX, USA), anti-ATR (Bethyl Lab A300-138A) and anti-RAD51 (Santa Cruz sc-8349).
S-phase cell synchronization
To optimize RPA32 hyperphosphorylation in response to CPT treatment cells were synchronized in S-phase by incubating with aphidicolin (APH) (1 mg/ml) for 18 h before release into fresh media for 2 h. Synchronized cells were then treated with CPT.
Co-immunoprecipitation IP in U2OS cell lysates was done after subcellular fractionation: cells were collected with a policeman and resuspended in CSK buffer (10 mM PIPES, pH 6.8, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl 2 , 1 mM EGTA, 0.1% Triton X-100, phosphatases and protease inhibitors) and incubated at 4 1C for 5 min. Low-speed centrifugation (1300 g/5 min) separated cytoplasmic proteins from pelleted nuclei. Isolated nuclei were lysed in solution B (3 mM EDTA, 0.2 mM EGTA, 1 mM DTT, phosphatase and protease inhibitors). Chromatin-bound proteins were collected (1500 g centrifugation/5 min), and resuspended in IP buffer (20 mM Tris-HCl, pH 7.8, 137 mM NaCl, 10% glycerol, 2 mM EDTA, 1% NP-40) and subjected to DNase I digestion.
Lysates were cleared (centrifugation at 13 000 g/15 min, 4 1C) and received 3 mg of anti-p53 antibodies for IP and incubated overnight at 4 1C, followed by incubation with protein G beads (Invitrogen 10-1242) for 2 h. Immune complexes were collected by centrifugation at 1000 g.
Pull-down assays
Recombinant GST-tagged p53 protein (P05-30BG, SignalChem, Richmond, BC, Canada) was incubated with purified RPA or hyp-RPA in RPA-binding buffer at 4 1C overnight. 10% of the sample was loaded as 'Input'. Pre-equilibrated GST-agarose beads (GE) were added to the remaining sample and incubated at 4 1C for 2 h. Immune complexes were collected by centrifugation at 1000 g, washed 3X with RPA binding buffer and analyzed by western blotting.
For the p53-RPA interaction involving ssDNA, purified RPA or hyp-RPA was incubated with 5 0 -biotinylated ssDNA (dT30mer or dT90mer) at indicated ratios for 30 min at 25 1C in RPA-binding buffer. Pre-equilibrated streptavidin beads were supplied and the samples incubated for 2 h at 4 1C. DNA-streptavidin complexes were collected, and then washed twice with RPA-binding buffer to remove unbound RPA. Subsequently, recombinant p53 was supplied and the mixture incubated overnight at 4 1C. Complexes were collected at 1000 g, washed 3X with RPA-binding buffer and analyzed by western blotting.
siRNA and plasmid constructs transfections Comet assay U2OS cells stably expressing RPA32-WT or PD-RPA were treated with increasing doses of CPT for 2 h. Then, neutral comet assays were carried out using the Comet Assay System (Trevigen Inc., Gaithersburg, MD, USA) according to the manufacturer's instructions. Fluorescence images were captured using a Nikon Instruments Inc., Melville, NY, USA, inverted fluorescent microscope with attached CCD camera at Â 100 magnification and the comet tail moment was measured as the percent DNA in the tail multiplied by the distance between the means of the head and tail distributions. At least 50 cells were assessed per treatment. In parallel with the comet assay, cell cultures with the same treatments were harvested for co-IP and the proteins analyzed by western blotting.
HR assays H1299 (p53 À / À ) or A549 cells were transfected with the HR reporter pDR-GFP (a gift of Maria Jasin, Addgene, Cambridge, MA, USA, plasmid no. 26475) for 48 h. H1299 cells also were transfected simultaneously with the p53-expression constructs (WT, S37A and S46A), while A549 cells were treated with ATM and/or ATR inhibitors. Then, cells were either treated with 5 mM CPT for 24 h to induce phosphorylation of RPA and p53 and DNA DSBs or transfected for 36 h (control) with an I-SceI expression vector (pCBASceI, a gift of Maria Jasin, Addgene plasmid no. 26477). Following the treatments, cells were visualized in phase contrast or for green fluorescence using fluorescence microscopy. At least 100 cells were scored for calculating the percent GFP positive in three independent experiments.
